Cellular metagenomes are primarily used for investigating microbial community structure and function. However, cloned fosmids from such metagenomes capture phage genome fragments that can be used as a source of phage genomes. We show that fosmid cloning from cellular metagenomes and sequencing at a high coverage is a credible alternative to constructing metaviriomes and allows capturing and assembling novel, complete phage genomes. It is likely that phages recovered from cellular metagenomes are those replicating within cells during sample collection and represent "active" phages, naturally amplifying their genomic DNA and increasing chances for cloning. We describe five sets of siphoviral contigs (MEDS1, MEDS2, MEDS3, MEDS4, and MEDS5), obtained by sequencing fosmids from the cellular metagenome of the deep chlorophyll maximum in the Mediterranean. Three of these represent complete siphoviral genomes and two represent partial ones. This is the first set of phage genomes assembled directly from cellular metagenomic fosmid libraries. They exhibit low sequence similarities to one another and to known siphoviruses but are remarkably similar in overall genome architecture. We present evidence suggesting they infect picocyanobacteria, likely Synechococcus. Four of these sets also define a novel branch in the phylogenetic tree of phage large subunit terminases. Moreover, some of these siphoviral groups are globally distributed and abundant in the oceans, comparable to some known myoviruses and podoviruses. This suggests that, as more siphoviral genomes become available, we will be better able to assess the abundance and influence of this diverse and polyphyletic group in the marine habitat.
P
hages are the most abundant biological entities on the planet (1). However, phage biomass is difficult to retrieve from oligotrophic marine waters in amounts required to construct metaviriomes. In comparison to the total DNA of a single microbial cell (typically 3 to 4 Mb), the genome size of most phages is very small (ϳ50 kb). So even if there are 10 phage particles for every microbial cell in the sample, the total phage DNA is several times less than a prokaryotic genome. Moreover, there are several methodological biases inherent in extracting phage (2) or even bacterial DNA. This makes sequencing metaviriomes challenging, and sometimes it is necessary to resort to biased approaches such as linker-amplified shotgun libraries or multiple-displacement amplification (3) . Recently, however, novel methods, combining FeCl 3 -based viral precipitation with improved protocols for linkeramplified shotgun library methods, have been developed to enhance phage DNA recovery from complex communities (4) (5) (6) . On the other hand, the use of fosmid cloning from metaviriomes to recover large phage genomic fragments that are more amenable to annotation and complete genome reconstruction has also been proposed (7) . Besides, metagenomic studies have now shown that when a standard metagenomic (cellular) fosmid library from a marine sample is sequenced, a significant number of the assembled DNA fragments retrieved correspond to phages (8, 9) . A possible explanation for this apparent paradox is that some cells in the sample are undergoing the lytic cycle of an infecting phage, and these cells contain large amounts of phage DNA that is retrieved in the cellular fraction. Regardless, this observation does provide the opportunity to use metagenomes to rescue genomes of phages that might be replicating actively within the population at the time of sample collection.
Phage DNA containing fosmids have been found to be particularly abundant in deep chlorophyll maximum (DCM) cellular fractions that have been analyzed worldwide (8) (9) (10) . The DCM is the zone of maximal photosynthetic activity in the marine habitat (11) . It is a common seasonal feature in all temperate waters (ϳ50 to 100 m deep) and a permanent one (typically at Ͼ100 m deep) in tropical seas. At these depths, light intensity and concentrations of nutrients are ideal, sustaining a dense growth of planktonic microbes. It is likely that the high productivity of this specific marine habitat increases the ratio of infected cells compared to other situations such as in bathypelagic waters.
Cyanophages belonging to three bacteriophage families, Podoviridae, Myoviridae and Siphoviridae, have been isolated (12) (13) (14) (15) . A total of 17 marine myoviral (T4-like) and 6 podoviral (T7-like) genomes, infecting cyanobacteria, are available currently (16) (17) (18) (19) (20) (21) (22) . Though a large number of siphoviral genomes have been described (nearly half of all sequenced viral genomes), genomes of cyanosiphoviruses have been described only recently. The first genome of a cyanosiphovirus, P-SS2, isolated from Atlantic slope waters, infecting the Prochlorococcus host MIT9313, was described in 2009 (23) . Additionally, four more new cyanosiphoviruses (S-CBS1, S-CBS2, S-CBS3, and S-CBS-4), infecting Synechococcus, are now available (24) . Analysis of these phages revealed genetically diverse and polyphyletic genomes, and apart from some typical structural phage genes (e.g., terminase), no host photosystemrelated genes that are frequently found in podoviruses and myoviruses infecting cyanobacteria were found, except for a single high-light-inducible (hli) gene in S-CBS2 (24) .
The high similarity of the genomic fragments from sequenced fosmids to pure-culture-isolated viruses indicates that they are derived from viral genomes. This has been shown already for all cyanomyoviruses, cyanopodoviruses (9) , and even cyanosiphoviruses (24) . This suggests that it is possible to assemble, identify, and define closely related virus-derived contigs from a cellular metagenome. In this work, we have examined the possibility of reconstructing larger, more complete phage genomes from metagenomic fosmids. We show that (i) it is indeed possible to obtain a complete phage genome in a fosmid from a cellular metagenome, (ii) it is possible to identify highly syntenic and identical contigs representing consensus phage genomes, and (iii) this strategy can lead to the discovery of novel representatives in the vast and largely unknown world of marine phages. In all, we describe five sets of novel siphoviral contigs obtained from a fosmid library of a cellular metagenome.
MATERIALS AND METHODS
Sampling, filtration, and fosmid library construction. The complete protocols for sample collection, processing, and fosmid library construction have already been described in detail (9) . Briefly, a 30-liter seawater sample was collected from the Mediterranean DCM (depth, 50 m) off the coast of Alicante, Spain, with a Niskin bottle. The sample was sequentially filtered through 5-m-and 0.22-m-pore-size filters. The planktonic cells retained on the 0.22-m filter were lysed, and DNA was extracted. The fosmid genomic library was constructed as described previously (9), generating a total of 12,192 clones.
Fosmid sequencing and assembly. The fosmid library from which the fosmids were selected for sequencing contains ca. 12,000 fosmids, and the sequencing of ϳ1,200 fosmids from this library (using Roche 454 pyrosequencing) has been described previously (9) . A total of 130 new fosmids were selected randomly from this library (excluding those sequenced before). Fosmids were divided into 10 batches, with 13 or 14 fosmids in each. DNA was extracted individually for each fosmid (as described previously) (9) , and the total DNA for each batch was pooled together. Each batch contained equal amounts of DNA for each fosmid clone. All batches were sequenced in a single lane of Illumina (35-bp paired ends) using 10 tags (GATC, Konstanz, Germany). Expected coverage for each fosmid was ca. 150ϫ, considering an average fosmid size of 50 kb. Sequence output differed from batch to batch, ranging from 71 Mb to 200 Mb (total sequence output was 1,013 Mb). The sequence of the pCC1Fos vector was screened for all reads by BLAST. All reads with more than 95% identity and a minimum alignment length of 15 bp (out of 35 bp) were screened out from the data set. All batches were assembled independently using the IDBA assembler (25) . The lengths of the contigs assembled for each batch are shown in Fig. S1 in the supplemental material.
Sequence analysis. Gene prediction was done using Prodigal (26) , and the predicted protein sequences were compared to the NCBI-NR database using BLAST (E value, Ͻ1eϪ5). Domain predictions in the sequences were performed using the HMMER package (27) (against the Pfam database), the HHpred server (28) , and the NCBI Conserved Domains Database (29) . Contig annotation was manually inspected for identifying those with a probable viral origin. To further check the assembly, contigs that belonged to known and fully sequenced microbes from the habitat were aligned to known genomes. All-versus-all comparisons of the assembled contigs with all cyanophage and several reference viral genomes (obtained from NCBI Viral RefSeq) were performed using BLAST. For making the phylogenetic trees, alignments were created using T-Coffee (30) and manually inspected and trimmed when necessary, and maximum likelihood trees were constructed using the program FastTree2 (31) . Bootstrapping was performed using the Seqboot program in the PHYLIP package (32) . Fragment recruitment maps for the assembled contigs were prepared from the results of BLASTN. A hit was considered if it was at least 50 bp long and had an E value of Ͻ1eϪ5. For the bar charts depicting comparative recruitment across metaviriomes and metagenomes, an additional criterion of Ͼ90% identity was added. CRISPR repeats and spacers were identified using the CRISPRdb database (33) and PILER-CR (34) .
Nucleotide sequence accession numbers. The contigs assembled and described in this work have been submitted to the NCBI GenBank database and can be accessed using the accession numbers JX519263, JX519264, JX519265, JX519266, JX519267, and JX536274.
RESULTS AND DISCUSSION
Batch fosmid sequencing approach. In a previous study (9) (sampling details are provided in Materials and Methods), involving sequencing and assembly of nearly 1,200 fosmids of the Mediterranean DCM (using 454) in batches of ϳ100 each (at a low coverage of ϳ10ϫ), 24 contigs Ͼ30 kb in size were obtained (only 2% of the 1,200 fosmids), indicating a very small recovery of nearly complete or complete fosmids. When we considered only the long contigs (217 contigs Ͼ10 kb), nearly 35 appeared to be clearly of viral origin (ϳ16% of long contigs). Although 10ϫ coverage is considered adequate while sequencing microbial genomes derived from pure cultures using Sanger sequencing, much more coverage is usually recommended (e.g., ϳ30ϫ for 454 and ϳ100ϫ for Illumina) with next-generation sequencing methods. Moreover, factors like differences in initial amounts of DNA from different fosmids (induced by variations in copy control regulation or in DNA quantification), especially while sequencing a large number of fosmids in a single batch, also likely contribute to a low yield.
In the current work, in order to retrieve more viral sequences, we have sequenced another 130 randomly selected fosmids (not sequenced before) from the same library, but at a far higher coverage (ϳ150ϫ) using Illumina, in 10 batches (see Materials and Methods). The use of a small number of fosmids per tag and sequencing multiple samples in a single Illumina lane allowed very efficient assembly of fosmids (see Fig. S1 in the supplemental material). In total, we assembled 34 contigs Ͼ30 kb in size, i.e., 26% of all fosmids were recovered nearly completely compared to the previous effort where only 2% of all the sequenced fosmids were retrieved (9) . To examine the quality of the assembly, once we had annotated all contigs, we identified those belonging to well-known, fully sequenced microbes and made comparisons. Some examples of assembled contigs ascribed to Prochlorococcus and Synechococcus compared to the known genomes are shown in Fig. S2 in the supplemental material. Complete synteny and high levels of sequence identity suggested that the assembled contigs were not chimeric.
General features and classification of the viral contigs. From all the assembled contigs Ͼ10 kb in size, 16 revealed typical phage genes and were selected for detailed analysis. These contigs were compared to each other, to all viral genomes obtained from NCBI Virus RefSeq, and to previously described phage contigs from the previous 454 pyrosequencing study of the same DCM sample (9) to identify the closest related sequences. Based on sequence similarities and synteny, six of these contigs, along with 26 other highly related contigs assembled before (9), could be assigned to five different groups (see Table S1 in the supplemental material). The other remaining phage-like contigs found only once (singletons) were not studied any further because of their lower reliability. The presence of several tail proteins identifies the contigs in these groups clearly as tailed-bacteriophages of the order Caudovirales. Without exception, all these contigs lack tail baseplate wedge proteins, critical for the formation of a contractile tail in myoviruses (20, 35) , indicating that they are not myoviruses (phages with contractile tails). On the other hand, several contigs possessed tape measure proteins, which act as a scaffold to assemble the phage tail in both myoviruses and siphoviruses but not in podoviruses. Moreover, important core genes of T7-like podoviruses were also absent in these contigs, e.g., RNA polymerase and DNA ligase (20) . Besides, none of these fosmids displayed any similarity to known podoviruses or myoviruses. On the other hand, a clear, albeit distant, relationship to recently described siphoviruses infecting Synechococcus (S-CBS1 and S-CBS3) was detected for some (see below). Taken together, the evidence indicates that these contigs probably belong to genomes of novel siphoviruses. There does not appear to be any obvious bias for/against any phage type in this methodology as in the previous data set where 1,200 fosmids were sequenced and contigs that could be ascribed to podoviruses, myoviruses, and also siphoviruses were found (9, 24) . However, fortuitously, in this smaller set of fosmids, all the assembled contigs appeared to be of siphoviral origin. These groups are discussed in more detail below.
In total, we have five groups of metagenomic viral fosmids (designated MEDS1, MEDS2, MEDS3, MEDS4, and MEDS5; MEDS for Mediterranean Siphovirus), each sufficiently distinct from the other but sharing an appreciable amount of gene content within themselves to be considered cohesive, clearly related sets. All of these groups (except one) have at least one long representative sequenced in this work. An overall view of all these contigs is shown in Fig. 1 . Clearly, they are strikingly similar to each other in overall structure and organization.
Terminase phylogeny. The terminase gene is essential in all head-tail phages (36) , encoding the molecular motor translocating DNA into empty capsids. There is a large diversity of terminases, and they can be used to resolve different phage groups (23, 24, 37) . A phylogenetic analysis of all the large terminase subunits identified in this work is shown in Fig. 2 . The groups MEDS1 to MEDS4 formed a novel, distinct uncharacterized siphoviral lineage. We have designated this clade as the MEDS1-like terminases. The similarity in the large terminase subunit indicates that replication and DNA packaging are quite similar in these groups. However, since the MEDS1-like terminases form a novel clade, the structure of the ends of the genome of these phages cannot be ascertained solely by this analysis.
However, the MEDS1-like terminases do provide a clue about their putative host. As has been observed before with cyanosiphoviruses P-SS2 and S-CBS2, whose terminases are phylogenetically related to large terminase subunits encoded in Synechococcus genomes (24), the closest relative of the MEDS1-like terminase genes was from a degraded phage locus from the genome of Synechococcus CC9605 (isolated from the coast of California) (see Fig.  S3 in the supplemental material). This locus codes for several hypothetical genes, a recombinase gene, a resolvase, and the phage terminase large subunit. The terminase large subunit of the MEDS5 group was the only one which shared a close relationship with known siphoviruses, S-CBS1 and S-CBS3 (Fig. 2) . Based on this finding, it is predicted that the genome of the MEDS5 cluster phages have 5=-extended COS ends. 
MEDS1 to MEDS4.
A total of seven assembled contigs were grouped together and designated the MEDS1 group (Fig. 3) . The order of genes in these contigs appears to be conserved, with distinct clusters of tail, capsid, and DNA packaging proteins seen in all. The longest contig assembled in this group was MedDCM-OCT-S13-C2, 39.2 kb in size. We found a 33-bp repeated region on the ends of this contig (indicated by arrows in Fig. 3 ). Closer examination revealed that the repeats actually belonged to the same gene. The bifunctional DNA polymerase gene (at the 5= end of the contig) does not have a valid start codon. The valid 5= end of this gene is seen at the opposite end of the contig, where, however, the 3= end is truncated. This indicates we have cloned and sequenced a complete phage genome from a single fosmid. Here, we will refer to this particular phage genome as MEDS1. No genes related to host metabolism were found in the MEDS1 phage genome.
The MEDS2 group of 11 contigs (see Fig. S4 in the supplemental material) share extremely high levels of nucleotide sequence identity within themselves (frequently Ͼ95%) in large contiguous segments, and this is the most cohesive set of contigs among all MEDS groups. Similarly to MEDS1, even with such high percent identity levels, some tail proteins have regions which have no identity with each other, indicating a very high level of divergence likely due to the host-specificity-determining nature of these regions. The comparison of the two new, longer contigs (MedDCM-OCT-S14-C1 and MedDCM-OCT-S19-C1), assembled in this work, shows that the two are nearly identical, and a cluster of genes nearly 10 kb in size (outlined in black in Fig. S4 ) is located at opposite ends in both contigs. This suggests that these contigs derive from concatemers and allows the reconstruction of a complete and novel phage genome of approximately 45 kb. The MEDS3 group of five contigs (see Fig. S5 in the supplemental material) appeared to be similar to the MEDS2 group, although the overall sequence similarity was not very high. The host metabolism-related genes identified in these groups, MEDS2 (carrying a phosphoadenylyl sulfate [PAPS] reductase) and MEDS3 (carrying a dCTP deaminase) (see below), were also different. The presence of nearly identical genes at opposite ends in different contigs indicates that, like in the case of MEDS2, complete phage genomes must have been retrieved.
The MEDS4 group comprises six contigs, all of which were assembled in a previous study carried out by 454 pyrosequencing of fosmid clones (9), although, in this case, a very long contig (ca. 38 kb) could be assembled. These contigs (see Fig. S5 in the supplemental material) did not show any evidence to suggest that they represent a complete phage genome.
MEDS5. This group, which clustered with known cyanosiphoviruses in the terminase phylogeny, comprises four contigs (see Fig. S6 in the supplemental material), three of which were assembled before (9), although with the Illumina sequencing carried out here a single but much longer contig (30.9 kb) could be assembled. They are similar to the Synechococcus CBS1 and CBS3 cyanosiphoviruses (24). We could not identify any DNA polymerase in this group or any genes with clear links to host metabolism. It is likely that the MEDS5 contigs do not represent a complete phage genome.
Host genes. Several cyanophages (both podoviruses and myoviruses) have been shown to carry genes related to the photosynthetic cycle, e.g., photosystem I and II genes and high-light-inducible genes (20, (38) (39) (40) (41) (42) . Of all known siphoviruses, only S-CBS2 has been shown to carry an hli gene (24) . Among the phage groups described here, MEDS2 phages carry a PAPS reductase. This enzyme is vital for the sulfur assimilation pathway widely distributed across prokaryotes. A phylogenetic analysis of the MEDS2 PAPS reductase indicated its relatedness to PAPS reductases from several phages, e.g., staphylococcus phage SA1 and enterobacterial phage lambda (see Fig. S7 in the supplemental material) . Sulfur, unlike iron, is quite abundant in the marine habitat as sulfate and is not expected to be a limiting factor. In freshwater systems, though, sulfur can be limiting. It might be speculated that under intracellular conditions during infection, when phage protein components are being rapidly synthesized, in addition to host protein biosynthesis, reduced sulfur is limiting.
The MEDS3 group carried another host metabolism-related gene, a dCTP deaminase (involved in nucleotide metabolism), which is also frequently carried by phages. A phylogenetic analysis indicated close relationships of the MEDS3 dCTP deaminase with that of Synechococcus elongatus and cyanosiphovirus S-CBS2 (see Fig. S7 in the supplemental material) .
DNA polymerase. The DNA polymerases identified in MEDS1, MEDS2, and MEDS3 phage genomes are bifunctional primases/polymerases, with both primase and polymerase activities in a single gene. These polymerases, which use only deoxyribonucleotides (43, 44) , are not very common. A very restrictive search for sequences with exactly the same domain architecture revealed only four sequences in the NCBI-NR database. Interestingly, one of these belonged to an EBPR (enhanced biological phosphorus removal) siphovirus (45) , two to cyanobacterial DNA polymerases, and one to a planctomycete. A subsequent phylogenetic analysis showed that all bifunctional primases/polymerases identified in the MEDS phages clustered together and were related to DNA polymerases in cyanobacterial genomes of Synechococcus elongatus and Cyanothece, providing another link between the MEDS phages and cyanobacteria.
Synechococcus as a putative host for the MEDS phages. Evidence from a phylogenetic analysis of terminases, host metabolism genes, and DNA polymerases suggests that these phages are unclassified siphoviruses that could infect Synechococcus (from the Mediterranean). To our knowledge, there are currently only two Synechococcus strains that have been sequenced from the Mediterranean, Synechococcus sp. BL107, isolated from Blanes Bay, Spain, at a 100-m depth, and Synechococcus sp. RCC307, isolated from the western Mediterranean, between Mallorca and Sardinia, at a 15-m depth (46) . However, we did not detect the presence of any terminase-like sequences in either of these genomes, so the specific Synechococcus host for these phages is as yet unknown. Several genomes contain the CRISPR system as a form of immunity against invading phages (47) . The presence of a phage sequence fragment as a spacer in a microbial genome is clinching evidence of past infection. We searched all available Synechococcus genomes for CRISPR spacers and compared them with our collection of MEDS phages. We obtained no significant hit, indicating that the current genomes are not the hosts for these phages.
Metagenomic recruitment.
Recruitments done before with different cyanophages against the global ocean sampling (GOS) data set have indicated that the cyanomyoviruses are most abundant, followed by cyanopodoviruses and then cyanosiphoviruses (24) . This might partially be explained by the lack of host genes that are commonly found in the former. We have analyzed the recruitment of the putative phages described here against multiple metagenomes, including four metaviriomes with data sets from the Sargasso Sea, Bay of Columbia, Gulf of Mexico, and the Arctic Ocean (3). The GOS data set, a cellular metagenome, was also included, as it is the largest marine metagenomic data set available by far. In addition, the Mediterranean DCM data set, which was sequenced by 454 from the same DNA which was used to generate the fosmids described in this study (9) , was included. All known cyanophages were also used for comparison. The results reveal considerable variation in the reads recruited in different data sets ( Fig. 4 ; see also Fig. S8 in the supplemental material) . Clearly the MEDS phages are as abundant as myoviruses and podoviruses in the Mediterranean DCM data set. A similar result was obtained with the Sargasso metaviriome. Moreover, the MEDS phages also appear to be more abundant than all other known cyanosiphoviruses everywhere within the data sets tested.
Among the groups described here, the MEDS2 group recruited the most reads from the DCM metagenome (Fig. 4) . However, all other MEDS groups recruited many more reads in the Sargasso metaviriome. Representative fragment recruitment plots of the MEDS1 and MEDS2 phages against the GOS data set and the DCM metagenome, respectively, are shown in Fig. 5 . The MEDS phages recruit reads along their entire lengths. Finally, the recruit- ment data shown here indicate that these new phages are abundant and globally distributed.
It may be argued that some of the phage groups or contigs described here are not true phages but prophages. However, there are some indications that this is not the case. First of all, the total amount of genomic DNA we have sequenced (130 fosmids, ϳ6.5 Mb in all) is only two genome equivalents; the possibility of capturing 6 long fragments that are nearly complete phage genomes is very low. Moreover, none of the genes found in these phages show any similarities to known bacterial or archaeal genomes that would be expected to be found if a fragment of a prophage were to be cloned in a fosmid.
Throughout the short history of metagenomics, fosmids have been an important tool providing long, natural contigs. Even now when some remarkable de novo assemblies are being achieved from short, high-coverage reads, fosmids have been instrumental in providing confirmation of assembled contigs and scaffolding (48) . It has been shown that fosmids are also a very useful tool for assembling phage genomes from environmental DNA, directly from purified viral biomass (7). Here we illustrate the possibility of phage genomes being retrieved from cellular metagenomes. This observation has been made by other authors as well (8) . We speculate that when a cell is undergoing a phage lytic cycle, the genome of the phage is present in large amounts, at least comparable to the genome of the cell itself, and is therefore easily retrieved and cloned in fosmids. Furthermore, the phage genome, being repeated many times as identical copies during replication, provides extra amplification, increasing the chances of getting a complete genome. Here we have used a strategy based on Illumina sequencing to sequence fosmids in an efficient manner. This has allowed the recovery of complete or nearly complete fosmid sequences and, hence, of phage genomes of previously undescribed marine siphoviruses. Some groups described here seem to be abundant in the Mediterranean DCM (at least in the single sample studied). Furthermore, some of the MEDS phages may also be abundant worldwide.
